INTRODUCTION
============

Glioblastoma multiforme (GBM) is the most common and malignant of glial tumors, and it continues to be associated with a dismal prognosis ([@B7]; [@B49]). Although genetic heterogeneity of tumor cells, insensitivity to alkylating chemotherapeutics, and the blood--brain barrier all contribute to this situation, an additional factor is the propensity of GBMs to disperse widely within the brain ([@B42]; [@B10]; [@B19]). Tumor invasion limits the efficacy of local therapies, such as surgery and radiosurgery ([@B9]; [@B17]), and it can be additionally accelerated with antiangiogenic therapies, which have entered widespread clinical use ([@B35]; [@B39]). Thus, preventing GBM dispersion has the potential for converting this tumor from an invasive, uncontrollable disease to a local disease that might be more effectively treated with currently available, local therapies, including surgery and radiation ([@B25]).

Among the most common genetic alterations found in GBMs are amplification and/or constitutive activation of signal transduction pathways activated by epidermal growth factor (EGF), platelet-derived growth factor (PDGF), and hepatocyte growth factor (HGF; [@B11]). Each of these ligands can stimulate glioma cell motility and invasion ([@B19]). Furthermore, recent studies have demonstrated that in many GBMs, multiple receptor tyrosine kinases (RTKs) are coactivated ([@B47]), producing a degree of signal transduction redundancy. Furthermore, GBMs are generally heterogeneous tumors, and only a fraction of tumor cells within any given tumor express amplified or constitutively activated RTKs. It seems likely that this redundancy and heterogeneity contribute to the finding that clinical trials utilizing single RTK inhibitors have produced responses that are neither universal nor durable ([@B13]; [@B39]).

In our previous study ([@B5]), we demonstrated that the molecular motor myosin II contributes to the process of glioma invasion by generating the internal compressive forces needed to extrude the cell body and nucleus through the small intercellular spaces that characterize brain parenchyma. Myosin II is a point at which many promigratory signal transduction pathways that are dysregulated in GBM converge, and it is widely expressed in malignant gliomas ([@B5]). As a point of convergence, it should not be redundant, and its direct inhibition should block GBM invasion regardless of how many upstream promigratory signal transduction cascades are active. However, cycles of actin polymerization can also drive cell motility ([@B52]). Furthermore, we have shown that myosin II activity is not required when glioma cells migrate in a barrier-free environment, such as on the surface of a coverslip ([@B5]). Thus it remains unclear whether sufficient upstream activation of signal transduction pathways might be able to overcome a need for myosin II in glioma invasion by activating other motility mechanisms that do not utilize this molecular motor.

In this study, we have addressed this issue by examining how progressively increasing signal transduction activity affects glioma cell invasion and the need for myosin II in this process, both in vitro and in situ within brain parenchyma. Our results support our hypothesis that myosin II is an indispensable component of the glioma invasion apparatus, and remains so in spite of activation of multiple upstream, promigratory pathways relevant to the biology of human GBM.

RESULTS
=======

C6 glioma invasion using in vitro Transwell assays
--------------------------------------------------

We generated a C6 glioma cell line that was stably transfected with a vector encoding for epidermal growth factor receptor--green fluorescent protein (EGFR-GFP). Transfection of these cells induced an EGF-responsive migration across 3-μm Transwell membranes ([Figure 1A](#F1){ref-type="fig"}). These cells also express platelet-derived growth factor receptor α (PDGFRα; [@B48]), and their migration in this assay responds to EGF (10 ng/ml), PDGF (100 ng/ml), and the combination of both in what appears to be an additive manner. ([Figure 1B](#F1){ref-type="fig"}). As [Figure 1C](#F1){ref-type="fig"} illustrates, addition of the EGFR tyrosine kinase inhibitor Iressa (10 μM) inhibits EGF-stimulated migration in this assay, as do the direct myosin II inhibitor blebbistatin and an inhibitor of Rho kinase (ROCK; Y27632), which is an immediate upstream activator of myosin II. However, PDGF restores Transwell migration to levels similar to those seen in the presence of PDGF alone. Likewise, while the PDGFR inhibitor Gleevec neutralizes the promigratory effects of PDGF in this assay, addition of EGF overcomes this inhibition. By contrast, directly inhibiting myosin II with blebbistatin, an allosteric, small molecule inhibitor of this molecular motor ([@B26]), blocks Transwell migration, even in the presence of both PDGF and EGF. This is confirmed by the experimental results illustrated in [Figure 1D](#F1){ref-type="fig"}. Incubation with EGF for 6 h induces Transwell migration with a hyperbolic dose--response relationship ([Figure 1D](#F1){ref-type="fig"}, blue). In the presence of 30 μM blebbistatin, this migration is blocked more than 95%, even at saturating doses of EGF.

![Effect of growth factor receptor stimulation and its inhibition on Transwell migration of C6 glioma cells. (A) C6 glioma cells expressing EGFR-mCherry (EGFR(+)) and untransfected C6 cells (EGFR(−)) were seeded into the upper part of a 3-μm-pore Transwell chamber. Migration across the Transwell membrane was measured after a 5-h incubation by staining the cells with 4,6-diamidino-2-phenylindole and counting the number of nuclei in 10 high-power fields. Data were normalized to the mean of EGFR(−) cells in the absence of EGF and expressed as fold enhancement. Bars represent mean ± 1 SD. EGFR(+) cells showed increased migration in response to EGF (10 ng/ml) compared with no EGF (p \< 0.001). In comparison, EGFR(−) cells showed no appreciable migratory response to EGF (p = 1.00). (B) Transwell migration of EGFR(+) cells was monitored in the absence of serum or growth factor stimulation (Control), in the presence of 10 ng/ml EGF or 100 ng/ml PDGF, and in the presence of both (PDGF+EGF). Data were normalized to the mean of the control condition and expressed as fold enhancement. Bars represent mean ± 1 SD. Differences between EGF and PDGF conditions (p \< 0.001) and between PDGF and EGF plus PDGF conditions (p \< 0.005) were statistically significant. (C) Transwell migration in the presence of EGF, PDGF, and its cognate receptor inhibitors. While the EGFR tyrosine kinase inhibitor Iressa (10 μM) blocks Transwell migration in the presence of EGF, its effects are negated by addition of PDGF. Likewise, the PDGFR inhibitor Gleevec (20 μM) blocks PDGF-stimulated Transwell migration. Blebbistatin (10 μM) and Y27632 (50 μM) are also effective in the presence of EGF stimulation. Furthermore, unlike Iressa and Gleevec, blebbistatin also remains effective in the presence of combined EGF and PDGF stimulation. (D) Dose--response relationship for EGF-stimulated Transwell migration of EGFR(+) cells. Migration in response to EGF can be fit to a hyperbolic isotherm, defining an EC~50~ of 0.28 ± 0.04 ng/ml (blue curve). In the presence of 10 μM blebbistatin (red curve), migration remains inhibited by \> 90% over a range of EGF that spans two orders of magnitude.](533fig1){#F1}

Gliomas frequently up-regulate multiple promigratory signaling pathways. We therefore examined the efficacy of blebbistatin in blocking Transwell migration of C6-EGFR cells in response to a range of concentrations of two additional ligands whose signaling pathways are frequently activated in gliomas---lysophosphatidic acid (LPA) and PDGF. The former stimulates glioma invasion through its activation of cell surface G protein--coupled receptors that in turn activate Rho and ROCK ([@B30]), while the receptor for the latter is frequently expressed in human GBM ([@B57]; [@B34]; El-Obeid *et al.*, 1997; [@B28]). We measured Transwell migration after 12 h of incubation with a range of concentrations of LPA ([Figure 2A](#F2){ref-type="fig"}) and PDGF ([Figure 2B](#F2){ref-type="fig"}), and this generated dose--response curves in both cases ([Figure 2](#F2){ref-type="fig"}, blue). Blebbistatin effectively blocks both LPA- and PDGF-stimulated migration over a broad range of either ligand. Given these results, we would expect that blocking migration by targeting one or a few promigratory receptors should be readily overcome by simultaneously stimulating other promigratory receptors. This is consistent with our finding that PP2, an inhibitor of both *src* family and EGFR tyrosine kinases ([@B23]), blocks Transwell migration in the presence of 10% serum ([Figure 2B](#F2){ref-type="fig"}, inset), but its effects can be completely overcome with sufficient PDGF ([Figure 2B](#F2){ref-type="fig"}, black squares).

![Dose--response of LPA and PDGF-stimulated Transwell migration of EGFR(+) C6 glioma cells in the absence and presence of myosin II inhibition. (A) Migration of C6 cells through 3-μm Transwell pores after 5 h of incubation demonstrates a hyperbolic dose--response relationship to LPA concentration (blue), defining an EC~50~ of 0.20 ± 0.02 μM. In the presence of 10 μM blebbistatin (red), this migration is reduced by \>75%, even at saturating doses of LPA. Data were normalized to the mean of cells migrating in the absence of LPA and expressed as fold enhancement. (B) Corresponding experiment with PDGF also demonstrates a hyperbolic dose--response relationship (blue), defining an EC~50~ of 126 ± 47 ng/ml. As with LPA, 10 μM blebbistatin (red) reduces Transwell migration by \> 75%, even at saturating doses of PDGF. PP2, an src kinase family inhibitor, inhibits Transwell migration in the presence of 7% serum with an IC~50~ of 80 ± 10 nM (inset). However, the inhibitory effect of 100 nM PP2 can be completely overcome with addition of sufficient PDGF (black squares). Data were normalized to the mean of cells migrating in the absence of PDGF and expressed as fold enhancement.](533fig2){#F2}

Although motility in a wide variety of systems requires dynamic polymerization of actin, a recent report that examined the effect of actin-depolymerizing agents (dihydrocytochalasin B and latrunculin A) on a human GBM cell line concluded that actin polymerization was not necessary for cell motility ([@B37]). However, this study examined glioma migration in a two-dimensional, barrier-free surface. As we have noted ([@B5]), studies of migration on these surfaces do not recapitulate the mechanical constraints that glioma cells experience while dispersing within the brain, and drugs that block glioma cell dispersion through brain do not alter motility when these cells are monitored on a coverslip. We have therefore examined the effect of inhibiting actin dynamics on the migration of C6 cells through 3-μm Transwell membranes; the results are depicted in [Figure 3](#F3){ref-type="fig"}. As the figure shows, drugs that interfere with actin-polymerization dynamics, including latrunculin A, latrunculin B, and jasplakinolide, effectively block Transwell migration in response to serum (p \< 0.0001). Our results, in conjunction with earlier findings ([@B5]; [@B37]), suggest glioma cells are highly flexible in how they move and have an established hierarchy of motility mechanisms shaped by the mechanical demands placed on them. Thus migrating on a barrier-free, two-dimensional surface, such as a coverslip, requires neither actin polymerization nor myosin II activity, so long as microtubule polymerization is present. By contrast, migrating through a more restrictive environment that requires glioma cells to extrude themselves through small pores requires both cytoskeletal components.

![Effect of inhibitors of actin dynamics on migration of C6-EGFR cells through 3-μm Transwells. Data were normalized to the mean of cells migrating in the presence of latrunculin A and expressed as fold enhancement. Compared with stimulation with 1 μM LPA, 5 μM latrunculin A, 3 μM latrunculin B, and 200 nM jasplakinolide significantly block Transwell migration.](533fig3){#F3}

While our in vitro results support our hypothesis that direct inhibition of myosin II is more effective than indirect inhibition, brain tissue presents unique mechanical challenges and provides complex chemical cues to invading glioma cells that may not be entirely reproduced by the Transwell assay. We therefore next examined a more realistic model of tumor invasion, using two engineered rodent brain tumor models.

Brain slice invasion assay using EGFR-expressing rat glial progenitor cells
---------------------------------------------------------------------------

We have shown that intracerebral injection of rat pups with a retrovirus encoding an EGFR-GFP fusion protein leads to the formation of a diffusely infiltrative lesion consisting of infected glial progenitor cells that continue to proliferate and are unable to differentiate during the life span of the injected animal ([@B20]). The EGFR-positive cells are highly motile and express high levels of PDGFRα. We have also demonstrated that EGFR-GFP is phosphorylated in situ in the presence of EGF. We chose to first investigate this model system, as it is highly invasive and overexpresses a promigratory growth factor receptor. Furthermore, the resulting lesions histologically resemble gliomatosis cerebri, a form of glioma characterized by extensive infiltration of the brain

We injected retroviruses encoding EGFR-mCherry into the subcortical white matter of neonatal pups in order to examine the motility of transfected cells in the presence of various combinations of EGF, PDGF, Iressa, and blebbistatin ([Table 1](#T1){ref-type="table"}). After 5 d, we generated 300-μm-thick brain slices in the vicinity of the injection site, monitored the migration of EGFR-expressing cells over 10 h, and tracked the migratory paths of individual cells ([Figure 4](#F4){ref-type="fig"}). Representative time-lapse videos resulting from these experiments are included as Supplemental Videos S1--S7. We transposed these paths to a common origin in order to generate the static Wind Rose plots depicted in [Figure 4A](#F4){ref-type="fig"}. Visual inspection of these plots leads to several conclusions. First, while EGFR-expressing cells are motile under control conditions, adding exogenous EGF to 0.1 ng/ml does not appear to enhance motility further, implying that multiple other ligands are already present at high enough concentrations to stimulate invasion of EGFR-expressing cells. Second, unlike the results of our in vitro invasion assay with C6-EGFR(+) cells ([Figure 1B](#F1){ref-type="fig"}), adding PDGF does not appreciably enhance tumor motility. Third, while Iressa effectively blocks EGF-stimulated motility, this inhibition can be overcome by adding PDGF. Finally, blebbistatin remains effective not only in the presence of EGF but also in the presence of EGF and PDGF combined.

![Migration of EGFR-mCherry expressing cells in a model of gliomatosis cerebri. (A) Migration of EGFR-mCherry--expressing cells was monitored in 300-μm-thick brain slices by time-lapse microscopy for 10 h. Individual cell tracks were transposed to a common origin to generate the resulting wind rose plots displayed in (A). Slices were treated with 0.1 ng/ml of EGF; EGF plus 100 ng/ml PDGF; EGF plus 10 μM Iressa; EGF plus 20 μM blebbistatin; EGF plus PDGF plus 10 μM Iressa; or EGF plus PDGF plus 20 μM blebbistatin. (B) MSD vs. time for the various treatments. The curves show the MSD the cells have traveled away from the common origin shown in the wind rose plots over time. The slope of the linear portion of the curves provides an estimate of the diffusion rate of the cells. Values of the diffusion constant (D) for each condition are summarized in [Table 1](#T1){ref-type="table"}. Code: EGF = 1; EGF + PDGF = 2; EGF + Iressa = 3; EGF + blebbistatin = 4; EGF + PDGF + Iressa = 5; EGF + PDGF + blebbistatin = 6. (C) Distribution of cell dispersal rates. The box plots show the distributions of dispersal rates of individual cells within a population. The middle red line shows the median dispersal rate; the top and bottom edges of the box are the 75th and 25th percentiles, respectively; the whiskers (black dashed lines) show the most extreme values not considered outliers; and the red +s are outliers. Notice that the vertical axis is log scale, so zero and negative values cannot be shown, and thus there are no bottom whiskers or outliers.](533fig4){#F4}

###### 

Cell dispersal rates for EGFR-positive cells in a model of gliomatosis cerebri.

  Condition                         D (μm^2^/h) mean ± SE   n     Compared with               p value
  --------------------------------- ----------------------- ----- --------------------------- ----------
  Control                           723 ± 203               113   ---                         ---
  EGF                               755 ± 243               77    Control                     0.977
  EGF plus Iressa                   32 ± 8                  59    Control                     \<0.0001
                                                                  EGF                         \<0.0001
  EGF plus blebbistatin             34 ± 7                  105   Control                     \<0.0001
                                                                  EGF                         \<0.0001
                                                                  EGF plus Iressa             0.58
  EGF plus PDGF                     874 ± 191               104   Control                     0.27
                                                                  EGF                         00.34
  EGF plus PDGF plus Iressa         660 ± 70                106   EGF plus PDGF               0.42
  EGF plus PDGF plus blebbistatin   58 ± 22                 73    EGF plus PDGF               \<0.0001
                                                                  EGF plus PDGF plus Iressa   \<0.0001

To provide a more quantitative and statistically valid measure of the effects of ligands and inhibitors on migration, we also calculated the mean square displacement (MSD) of these cells as a function of time for each of the conditions depicted in [Figure 4A](#F4){ref-type="fig"}. According to the persistent random walk model, the slope of a plot of MSD versus time defines a diffusion constant ([Table 1](#T1){ref-type="table"}), which provides a quantitative measure of cell dispersion under each condition ([@B22]). [Figure 4B](#F4){ref-type="fig"} depicts plots of MSD versus time for various treatment conditions, and [Figure 4C](#F4){ref-type="fig"} illustrates box plots demonstrating distributions of dispersal rates of individual cells within a population. Our in vitro studies with C6 cells suggest that blocking glioma migration by directly targeting myosin II remains effective in the presence of several simultaneously active signaling pathways. This conclusion is consistent with the values of dispersal rates listed in [Table 1](#T1){ref-type="table"}, derived from a more physiologically relevant assay of dispersion through brain tissue. However, we also note that unlike the simple in vitro invasion assays with C6 cells ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}), in which the number of promigratory ligands can be accounted for and controlled, the corresponding situation in our brain tissue invasion assay is more complex, with our evidence suggesting that multiple promigratory pathways are likely activated. This suggests that studies of tumor invasion based solely on in vitro assays need to be correlated with corresponding assays involving physiologically relevant host tissue.

Our model of gliomatosis cerebri does not recapitulate the features of the more complex GBM. We therefore examined a more complex and clinically relevant model---a rodent GBM in which tumor cells secrete PDGF and express both PDGFRα and EGFR.

Brain slice invasion assay in a PDGF-secreting and EGFR- and PDGFRα-expressing rat GBM
--------------------------------------------------------------------------------------

We simultaneously injected rat pups intracerebrally with two Moloney-based retroviruses. The first, encoding for PDGF-B-hemagglutinin and GFP (PDGF-IRES-GFP), drives formation of a diffusely infiltrative tumor ([@B2]) that has all of the histological features of GBM ([Figure 5](#F5){ref-type="fig"}). We have previously used this model to monitor the migration of retrovirus-infected tumor cells in culture slices generated from these tumors ([@B5]; [@B3]). The second encodes for the EGFR-mCherry fusion protein utilized in our model of gliomatosis cerebri (as discussed in the preceding section). Both the EGFR-expressing cells and the PDGF-secreting cells are motile, and could be seen to have dispersed long distances from the site of retroviral injection, with both red and green fluorescent cells found in the corpus callosum and the contralateral hemisphere ([Figure 5](#F5){ref-type="fig"}). In this more complex system, the EGFR-mCherry--expressing cells, which also express endogenous PDGFRα, are stimulated by the PDGF-expressing cells, which constitutively express and secrete PDGF. We performed time-lapse analysis and cell tracking of the EGFR-mCherry--expressing cells in the absence ([Table 2](#T2){ref-type="table"}, Control) and presence of 0.1 ng/ml EGF and various inhibitors ([Table 2](#T2){ref-type="table"}). [Figure 6, A--C](#F6){ref-type="fig"}, depicts wind rose plots, MSD versus time plots, and box plots of dispersal rates, respectively, for the various conditions. Representative time-lapse videos resulting from these experiments are included as Supplemental Videos S8--S11. As in the case of the simpler gliomatosis model, we found that addition of EGF does not further enhance the rate of tumor cell dispersion ([Table 2](#T2){ref-type="table"}; p = 0.965). Endogenous production of PDGF in this GBM model appears to have the same effect as that of adding exogenous PDGF to the gliomatosis model---it eliminates the efficacy of Iressa, but is unable to overcome the inhibition of dispersion by blebbistatin ([Table 2](#T2){ref-type="table"}). As we discussed in our prior study ([@B5]), blebbistatin effectively paralyzes movement of the cell body, but does not prevent dynamic extension and retraction of the cytoplasmic processes these cells generate.

![Coinjection of EGFR-mCherry-- and PDGF-IRES-GFP--encoding retroviruses into the 3-d-old rat white matter induces the formation of GBM. (A) At 10-d postinjection, a tumor mass (T) is apparent (hematoxylin and eosin staining; 4× objective). With a 20× objective, the tumor is seen to demonstrate the hallmarks of GBM, including vascular proliferation (B) and pseudopallisading necrosis (C). (D) Montage of fluorescence micrographs (4× objective) of red and green cells show that the tumor mass is composed of both green PDGF-IRES-GFP--expressing cells (20× objective in E), red EGFR-mCherry-expressing cells (20× objective in F) and yellow double-infected cells (20× objective in G). (H) Low-power (4× objective) micrograph of mCherry fluorescence demonstrates EGFR(+) cells not only within the tumor mass (T), but also invading the cortex (CX) and corpus callosum (CC). This is also illustrated with a 10× objective for the cortex (I) and corpus callosum (J).](533fig5){#F5}

###### 

Cell dispersal rates for EGFR-positive cells in model of GBM.

  Condition               D (μm^2^/hr) Mean ± SE   n     Compared with     p value
  ----------------------- ------------------------ ----- ----------------- ----------
  Control                 572 ± 120                110   ---               ---
  EGF                     575 ±115                 76    Control           0.965
  EGF plus Iressa         395 ± 224                73    Control           0.217
                                                         EGF               0.239
  EGF plus blebbistatin   50 ± 7                   134   Control           \<0.0001
                                                         EGF               \<0.0001
                                                         EGF plus Iressa   0.007

Myosin IIA heavy chain phosphorylation occurs in GBM and is modulated by EGF signaling
--------------------------------------------------------------------------------------

Recent evidence indicates that EGF induces rapid phosphorylation of the myosin IIA heavy chain on Ser-1943 in breast carcinoma ([@B15]). Since our previous studies demonstrated that myosin IIA heavy chain expression is up-regulated in human and rodent gliomas ([@B5]), we wished to see whether we could detect phosphorylation on Ser-1943 in human and rodent gliomas as well. We compared the levels of phospho-Ser-1943 myosin IIA relative to the total myosin IIA heavy chain in four human GBM specimens and five human temporal lobe specimens that were resected for control of intractable epilepsy. As illustrated in [Figure 7, A and B](#F7){ref-type="fig"}, we found that levels of myosin IIA phosphorylation were on average twofold higher in tumor specimens. To examine the dynamics of EGF-mediated myosin II heavy chain phosphorylation, we treated C6-EGFR(−) and C6-EGFR(+) cells with 16.5 ng/ml EGF and performed immunoblots of the cell lysates to probe for the relative content of phospho-Ser-1943 myosin IIA after defined periods of EGF exposure. Results are summarized in [Figure 7C](#F7){ref-type="fig"}. We found that addition of EGF to EGFR(+) C6 cells ([Figure 7C](#F7){ref-type="fig"}, blue) produces a time-dependent rise in phospho-Ser-1943 heavy chain that, when compared with EGFR(−) cells ([Figure 7C](#F7){ref-type="fig"}, red), reaches statistical significance by 15 min.

![Migration of EGFR-mCherry--expressing cells in a model of GBM. (A) The panel depicts wind rose plots for EGFR(+) cell migration, as described in [Figure 4](#F4){ref-type="fig"}. Slices were treated with medium alone (Baseline), 0.1 ng/ml of EGF, EGF plus10 μM Iressa (EGF + Iressa), or EGF plus 20 μM blebbistatin (EGF + blebbistatin). (B) MSD vs. time, as described in [Figure 4](#F4){ref-type="fig"}, for tumor cell populations and treatments. MSD curves show the MSD cells traveled away from their starting points (shown as a common origin in the wind rose plots (A) over time. Values of the diffusion constant (D) are summarized in [Table 2](#T2){ref-type="table"}. Code: Baseline = 1; EGF = 2; EGF + Iressa = 3; EGF + blebbistatin = 4. (C) Distribution of cell dispersal rates among different treatments of tumor EGF cells. The box plots show the distributions of dispersal rates of individual cells within a population. The middle red line shows the median dispersal rate; the top and bottom edges of the box are the 75^th^ and 25^th^ percentiles, respectively; the whiskers (black dashed lines) show the most extreme values not considered outliers; and the red +s are outliers. Notice that the vertical axis is log scale, so zero and negative values cannot be shown, and thus there are no bottom whiskers or outliers.](533fig6){#F6}

![Myosin IIA heavy chain phosphorylation in GBM. (A) Immunoblot analysis of myosin IIA Ser-1943 phosphorylation in human tissue lysates derived from human epilepsy temporal lobe (red) or GBM (blue). GAPDH was used as a loading control. Relative phosphorylation levels were determined by dividing the myosin IIA pSer-1943/GAPDH ratio by the total myosin IIA/GAPDH ratio. (B) The normalized level of pSer-1943 myosin IIA is significantly increased in GBM samples (0.44 ± 0.15) vs. epileptic temporal lobes (0.20 ± 0.08). Values represent the mean ± SD. (C) EGF-mediated increases in myosin IIA pSer-1943 in C6 (red) and C6-EGFR (blue) glioma cells as a function of time after EGF exposure. Cells were serum-starved and stimulated with 16.5 ng/ml EGF, and the phosphorylation status of the myosin IIA heavy chain was examined by immunoblot with an antibody that recognizes pSer-1943. Phosphorylation is expressed as the change relative to unstimulated cells. Values represent mean ± SD for three (C6) and two (C6-EGFR) independent experiments.](533fig7){#F7}

DISCUSSION
==========

GBM growth and invasion can be stimulated by multiple signal transduction pathways that are frequently dysregulated
-------------------------------------------------------------------------------------------------------------------

GBMs frequently contain genetic abnormalities that amplify or constitutively activate growth- and invasion-enhancing signal transduction pathways ([@B18]). The high frequency of these genetic abnormalities has served as an impetus for examining a variety of growth factor receptor antagonists in clinical trials for patients with GBM. Responses to these drugs, however, have been limited in frequency and duration ([@B13]; [@B39]). Although this may be due in part to problems in drug delivery, at least two other issues are likely contributors. The first of these is redundancy. GBMs frequently coexpress multiple growth factor receptors, including not only EGFR, but also PDGFRα and *c-met* ([@B57]; [@B34]; El-Obeid *et al.*, 1997; [@B28]; [@B53]). The second issue is tumor heterogeneity. Anaplastic gliomas are heterogeneous tumors, and this is reflected in regional differences in the expression of mutant oncogenes and amplified receptors ([@B36]; [@B40]; [@B33]; [@B38]). Thus some portions of these tumors may be insensitive to a specific cell-signaling inhibitor. These considerations imply there is a need to identify other targets of the invasion apparatus that are points at which these signal transduction pathways converge and are therefore likely to be less redundant. Our experiments in this study support our hypothesis that myosin II--dependent glioma invasion represents such a target.

Myosin II represents a point at which promigratory signal transduction pathways converge
----------------------------------------------------------------------------------------

In our prior study, we had shown that invasive glioma cells used myosin II to generate the contractile forces needed to squeeze their cell bodies through the small intercellular spaces that characterize brain white matter and cortex ([@B5]). In addition, more recent work from Kumar and colleagues has highlighted the role of myosin II isoforms in tuning migratory behavior to the mechanics of the tumor microenvironment ([@B43]; [@B54]). The two myosin II isoforms consistently expressed in gliomas (IIA and IIB) are both downstream effectors of multiple signal transduction pathways that are dysregulated in these tumors, including those stimulated by PDGF and EGF ([@B6]; [@B15]). These signaling cascades converge on several kinases that modulate myosin II activity by phosphorylating its regulatory light chains and heavy chains ([@B30]; [@B15]). We had previously shown that stimulation of human GBM cells with promigratory ligands enhances regulatory light chain phosphorylation (Manning *et al*., 1998); and in this study we find a similar enhancement of phosphorylation at Ser-1943, a site previously shown to be phosphorylated in response to EGF stimulation ([@B15]). This leads us to make two predictions: 1) if promigratory signaling kinases, such as EGFR and PDGFR, overlap in their ability to stimulate glioma migration, then the effect of inhibiting one should be overcome by stimulating another; and 2) since myosin II is a point at which these signaling kinases converge, directly inhibiting myosin II with blebbistatin should remain effective in blocking glioma invasion, even if several upstream signaling receptors, such as EGFR or PDGFRα, are activated.

Our approach has been to investigate the relative efficacy of direct versus indirect inhibition of myosin II through a series of glioma invasion models of increasing complexity. Our results with the simplest invasion assay---EGFR-expressing C6 cells moving across 3-μm Transwell membranes---support our predictions ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). First, both EGF and PDGF stimulate Transwell migration. Second, PDGF addition can reverse the anti-invasive effects that result from blocking upstream elements in signaling cascades, including EGFR and *src* kinases, and vice versa. Third, direct inhibition of myosin II remains effective, even in the presence of saturating doses of PDGF, EGF, or LPA.

We used a series of experimental systems of increasing complexity, starting with a Transwell assay and following that with ex vivo tissue invasion assays of slice cultures generated from two brain tumor models---one that overexpresses EGFR and resembles gliomatosis cerebri, and a second model that overexpresses both EGFR and PDGF and resembles GBM. At a superficial level, our results using these brain invasion models are consistent with the Transwell results. Both suggest that while stimulation of a second signal transduction pathway with PDGF overcomes the effect of an EGFR inhibitor, it cannot overcome direct inhibition of myosin II with blebbistatin. Nevertheless, Transwell assays do not recapitulate every feature found in a bone fide glioma. In particular, the motile behavior of the EGF- and PDGF-stimulated tumor cells that we observed in our assay implies that there are likely to be multiple ligands in tumor-infiltrated brain that may be stimulating pathways downstream of EGFR and PDGFRα, as well as other receptors that are dysregulated in glioma. However, the reverse may also be true, as drugs such as blebbistatin can affect cellular responses to shear forces ([@B24]), and they could conceivably affect the mechanics of brain tissue in such a way as to independently alter how glioma cells disperse. By contrast, this concern would not apply to assays that utilize Transwell membranes. Hence we conclude that both types of studies may be necessary to dissect mechanisms of cellular dispersion in glioma, as well as in other motile systems.

In a previous study, it was noted that treatment with Y27632 or transfection with a dominant-negative ROCK construct moderately enhanced migration of glioma cell lines on two-dimensional migration assays and through Transwell membranes ([@B41]). We note that the authors of that study did not specify the pore size of the Transwell membranes they used, and as we demonstrated in our prior study ([@B5]), this parameter is crucial in determining the need for myosin II in glioma migration. In particular, we found that while Y27632 and blebbistatin blocked migration of glioma cells through Transwell pores of 3-μm diameter, they had no effect when pore size was increased to 8 μm. We also found that Y27632 profoundly inhibits glioma cell migration through brain tissue sections, in which intercellular spaces are typically submicrometer in size (Thorne and Nicholson, 2006). Thus, as in the case of inhibitors of actin polymerization ([@B37]), we expect that the effect of inhibiting myosin II will vary with the type of assay used. This argues that results from experiments using two-dimensional or Transwell assays need to be corroborated by corresponding experiments using tissue invasion assays, as we have done in this study.

While we have shown in this study that targeting myosin II produces a robust inhibition of tumor dispersion within brain tissue, we do note that a few tumor cells escape the effects of blebbistatin ([Figures 4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"}). This may reflect the fact that GBM cells migrate within two discrete microenvironments. The first is composed of gray and white matter structures, including cortex, striatum, and white matter, whose extracellular spaces are delimited by cell processes and which contain sparse extracellular matrix. The second is the perivascular space, which contains abundant extracellular matrix, which forms a discrete layer sandwiched between the endothelial cells and the astrocyte endfeet ([@B17]; [@B56]). Whether these "blebbistatin-resistant" cells represent a subpopulation migrating within the perivascular compartment will need to be investigated in future studies.

Myosin II may be a valid target for new therapeutic strategies that block GBM invasion
--------------------------------------------------------------------------------------

While the pathways stimulated by EGF and PDGF are frequently up-regulated in GBM, other pathways are also frequently activated, including those downstream of *c-met* and *src* kinase family members ([@B1]; [@B27]). This speaks to the importance of finding nonredundant mediators of the malignant phenotype of GBM whose inhibition will produce an effect regardless of how many upstream signaling pathways are activated. In this study, we have used experimental systems that allow us to systematically compare the relative efficacy of two approaches to blocking glioma invasion---targeting of upstream promigratory receptors that are frequently dysregulated in GBM versus direct targeting of myosin II. Our results lead us to propose that myosin II is a point at which many of these dysregulated pathways converge, it is not redundant, and its loss cannot be overcome by utilizing nonmyosin-dependent motility mechanisms that appear to be sufficient to drive cell motility in other experimental systems ([@B14]).

One potential limitation of any tumor-targeting strategy is toxicity. While we found that blocking actin dynamics also inhibited glioma migration both in vitro and in brain slices, we note that actin is universally expressed in cells, and its dynamic polymerization underlies many components of cell physiology, including intracellular transport. We would expect therefore that systemic or intracerebral administration of actin-polymerization inhibitors would have unacceptable toxicities. By contrast, the functions of myosin II are more delimited. Furthermore, myosin II isoforms (IIA, IIB, and IIC) are not equally expressed in all tissues. Thus we have shown that while the IIA isoform is minimally expressed in normal brain, it is markedly up-regulated in gliomas and neovasculature ([@B5]). This may provide a selective targeting strategy, since the calmodulin family member S100A4, which is up-regulated in metastatic carcinomas and GBMs ([@B12]; Suemizu *et al.*, 2007), selectively regulates myosin IIA by allowing it to rapidly redistribute in migrating cells. Phenothiazines, which cross the blood--brain barrier, have been in clinical use for many years and can inhibit S100A4 by inducing protein oligomerization ([@B29]). Furthermore, an orally bioavailable ROCK inhibitor, fasudil, is currently in clinical use for the treatment of unstable angina and pulmonary hypertension, and it has been found to block metastasis of breast carcinoma in rodent models ([@B31]; [@B44]; [@B45]; [@B32]; [@B55]). Thus drugs that inhibit myosin II function are already in clinical use, and ongoing studies are underway in our laboratories to examine the durability of these and other inhibitory strategies in the treatment of GBM.

MATERIALS AND METHODS
=====================

Retrovirus production
---------------------

An EGFR-GFP plasmid was generated as previously described ([@B51]) from the original pCLE retroviral vector ([@B16]) and were a kind gift from Sally Temple (SUNY, Albany). An EGFR-mCherry plasmid was generated by replacing GFP with an mCherry reporter gene (pmCherry-N1; Clontech, Mountain View, CA) and was a kind gift from Tim Gershon (University of North Carolina, Chapel Hill). pQ PDGF-hemagglutinin-IRES-eGFP (PDGF-IRES-GFP) was generated as previously described ([@B2]). Replication-deficient viruses with vesicular stomatitis virus (vsv)-G coats were generated from these constructs, as described previously ([@B21]). Viral titers were determined in colony-forming units by incubating C6 glioma cells with serial dilutions of retrovirus in 10-fold steps. At 48-h postinfection, the GFP-positive cell clusters were counted, and the titer of all generated viruses was 10^5^--10^6^ viral particles/μl.

Retroviral injections
---------------------

We anesthetized neonatal Sprague Dawley rats (P3) by submerging them in ice water for 8 min. The heads were than placed in a stereotactic apparatus (Stoelting, Avondale, IL) and virus was injected into the rostral subcortical white matter at stereotactic coordinates 2-mm lateral and 1-mm rostral to the bregma. A 33-gauge Hamilton microsyringe (Reno, NV) was inserted to a depth of 1.5 mm, and 1--2 μl of virus was injected at a rate of 0.2 μl/min. All animal experiments were performed according to the guidelines of the Institutional Animal Care and Use Committee at Columbia University.

Staining procedures
-------------------

Animals were anesthetized with ketamine--xylazine at 10 d postinjection (10 dpi), and underwent cardiac perfusion with 15 ml of phosphate-buffered saline (PBS) and 15 ml of 4% paraformaldehyde. Brains were ﬁxed for 24 h and transferred to PBS until used. Fixed brains were cryopreserved in 30% sucrose in 1X PBS and cryosectioned at 12 μm, and sections were stored at 80°C until used. Antibodies used included: sheep anti-EGFR (1:100; Millipore, Billerica, MA), mouse anti-phospho-EGFR-Y1068 (1:50; Cell Signaling Technology, Beverly, MA), rabbit anti-phospho-EGFR-Y1173 (1:100; Stressgen, San Diego, CA), and goat anti-PDGFR (1:80; R & D Systems, Minneapolis, MN). Sections were blocked with 10% horse serum, 0.1% Triton X-100 in 1X PBS for 30 min before an overnight incubation with primary antibody at 4°C. On the following day, the sections were washed extensively and incubated in secondary antibody for 1 h at room temperature. FITC- and TRITC-conjugated secondary antibodies were used for double fluorescence (FITC: Jackson ImmunoResearch, West Grove, PA; TRITC: Alexa Fluor, Invitrogen, Carlsbad, CA). Sections were washed extensively again and stained with Hoechst 33342 (Invitrogen) for nuclear visualization.

Transwell migration assay
-------------------------

Fluoroblok transﬁlters (BD Biosciences, San Jose, CA) were coated with either 10% rat tail collagen, type I (BD Biosciences) or 3 μg/ml puriﬁed human vitronectin (Invitrogen) in sterile, deionized water at 37°C for 1 h. Transfilter migration was assayed after 6 or 12 h of incubation at 37°C, as previously described ([@B5]). A two-tailed *t* test for the mean was used to assess the difference between the mean values of migration across experimental conditions.

Cell lines and cell culture
---------------------------

C6 glioma cells were used to generate two new cell lines---C6-EGFR-GFP and C6-EGFR-mCherry---via retroviral infection. Infected cells were fluorescence activated cell--sorted and cultured in 1:1 DMEM:F-12 nutrient mixture (Ham\'s) supplemented with GlutaMAX and 10% heat-inactivated fetal bovine serum (Invitrogen). Cells were maintained at 37°C with 5% CO~2~.

Time-lapse microscopy of cell migration in brain slice
------------------------------------------------------

Rat pups injected with EGFR-GFP, EGFR-mCherry, or a combination of PDGF-IRES-GFP and EGFR-mCherry were killed by decapitation. Singly injected animals were killed at 5--7 dpi and coinjected animals at 10--12 dpi. Brains were isolated, and 300-μm coronal sections of the injected hemispheres were made using a McIlwain Tissue Chopper (Campden Instruments, Loughborough, United Kingdom). The sections were transferred onto a 0.4-μm culture plate insert (Millipore) and placed in a 6-well glass bottom plate with (MatTek, Ashland, MA), with 1000 μl of serum-free medium per well. The time-lapse experiments were performed in a stage-mounted incubator with CO~2~ and temperature control, using a Nikon TE2000 inverted fluorescence microscope (Melville, NY), as previously described ([@B5]). Images were acquired at 40× magnification at 3-min intervals for up to 24 h. Results from a minimum of three separate experiments were pooled for data analysis.

Quantitative analysis of glioma cell migration
----------------------------------------------

Individual cell tracks from time-lapse microscopy were plotted to a common origin to generate wind rose plots for spatial comparison of the effective spread of the cells across experimental conditions. By considering all combinations of elapsed times possible for each of the cells, we computed the MSD for the tracked cells within each experimental condition. The slope of the linear portion of the MSD curve was used to generate a diffusion/dispersal rate constant for each of the cells ([@B46]). This diffusion coefficient reflects the rate of spread of a population of cells with this dispersal pattern. A two-tailed *t* test for the mean was used to assess the difference between the mean cellular diffusion rates across experimental conditions.

Immunoblot analysis
-------------------

Protein samples (cell lines and human tissue) were separated on parallel 8% SDS--PAGE, which was followed by immunoblotting with a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal antibody (\#G8795; Sigma-Aldrich, St. Louis, MO) and either the pSer-1943 myosin IIA polyclonal antibody (rat cells: \#5026; Cell Signaling Technology; human tissue: \#AB2974; Millipore) or an antibody that recognizes total myosin IIA (rat cells: \#WH0004627M3; Sigma; human tissue: [@B15]). Immunoreactive proteins were detected using LI-COR Odyssey version 3.0 (LI-COR Biosciences, Lincoln, NE). Total myosin IIA and pSer-1943 myosin IIA were normalized to GAPDH to control for differences in loading. Relative phosphorylation was determined by dividing the pSer-1943 myosin IIA/GAPDH ratio by the total myosin IIA/GAPDH ratio. Relative phosphorylation was expressed as the change relative to unstimulated cells.

Human tissue specimens
----------------------

Fresh human GBM and temporal lobe specimens were obtained according to Columbia University Institutional Review Board Guidelines (IRB protocol AAAA4666). Tissue samples were obtained and immediately frozen in liquid nitrogen. Samples were stored at −80°C until used for immunoblot analysis.
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